Summary.
An isomer of ouabain, the ouabain-like compound (OLC), may participate in the regulation of body fluid volume and vascular tone. Forebrain regions, especially the hypothalamus, are reported to be sites of OLC action in the central nervous system. The medulla oblongata is another critical area involved in central cardiovascular regulation.
We reported that the microinjection of either monoclonal antibody to ouabain T8B11 or Fab fragment of digoxin-specific antibody into the rostral ventrolateral medulla significantly decreased mean arterial pressure and renal sympathetic nerve activity in anesthetized normotensive rats (TE-RUYA et al.: J. Clin. Invest. 99: 2791 -2798 , 1997 . Using T8B11, we examined the ouabain-like immunoreactivity in the medulla oblongata of normotensive rats. In periodate-lysine -paraformaldehyde fixed tissues, ouabain-like immunoreactive neurons were detected in the nuclei and regions in the medulla oblongata including the ventrolateral medulla, ventromedial medulla, nucleus ambiguus, caudal raphe nuclei, nucleus of solitary tract, and dorsal motor nucleus of the vagus. When an Fab fragment of digoxin-specific antibody was used as a first antibody, the digoxin-like immunoreactive neurons were distributed in almost the same pattern as those observed with the use of T8B11. In the brain fixed with the "three-step" procedure developed by YAMADA et al. (1987) , which was used in a previous ouabain immunohistochemical study of the hypothalamus, ouabain-like immunoreactivity in the medulla oblongata was much weaker in intensity and less restricted in distribution than that in the hypothalamus. These findings suggest that ouabain-like immunoreactivities are present in the medulla oblongata with a manner of distribution different from that seen in the hypothalamus. Some ouabain-immunopositive nuclei and regions in the medulla oblongata, especially the rostral ventrolateral medulla, may be other OLC action sites.
Endogenous Nat, K+-ATPase inhibitor, a digitalislike factor, may participate in the regulation of body fluid volume and vascular tone in both physiological and pathological conditions. Ouabain-like compound (OLC), an isomer of ouabain, seems to be the endogenous digitalis-like factor (LUDENS et al., 1991; MATHEWS et al., 1991; TYMIAK et al., 1993; ZHAO et al., 1995) . The OLC in the brain may be involved in the pathogenesis of several forms of hypertension (GOTO et al.,1992; DoRIs,1994; WOOLFSON et al., 1994; HAMLYN et al., 1996) . A long-term subcutaneous infusion of ouabain into rats induces sustained hypertension and leads to selective increases in the level of this steroid in the hypothalamus, anterior pituitary, and kidney (MANUNTA et al., 1991) . The hypertension caused by exogenous ouabain, regardless of the mode of administration, may be mediated by the augmented central sympathetic outflow (HUANG et al., 1994) . Moreover, in spontaneously hypertensive rats (HUANG and LEENEN, 1992a, b) , Dahl salt-sensitive rats (HUANG and LEENEN, 1994a, b) , and rats with congestive heart failure (LEENEN et al., 1995) , the central nervous system seems to be the site where the OLC exerts its hypertensinogenic effects. In support of this view, immunohistochemical studies with polyclonal antibodies demonstrated that ouabain-and digoxinimmunoreactive neurons exist mainly in the hypothalamic paraventricular and supraoptic nuclei of rats, macaques and dogs (IHARA et al., 1988; YAMADA et al., 1987a YAMADA et al., , 1992a . By using the monoclonal antibody to ouabain, named T8B11 (TERANO et al., 1991) , ouabain-like immunoreactivity has been demonstrated predominantly in the paraventricular nucleus of the rat hypothalamus (TAKAHASHI et al., 1994) . The medulla oblongata is another critical area of central cardiovascular regulation (DAMPNEY, 1994) . The nucleus of solitary tract relays the afferent input 318 M. YAMAZATO et al.: from the arterial and cardiopulmonary baroreceptors and the chemoreceptors to different brain areas. The vasomotor neurons in the rostral ventrolateral medulla play a pivotal role in the generation of resting vasomotor tone and in reflex regulation of the sympathetic outflow. The rostral ventrolateral medulla also relays central commands to the sympathetic preganglionic neurons in the spinal cord (SUN, 1996) . Microinjection of either the T8B11 or Fab fragment of digoxin-specific antibody into the rostral ventrolateral medulla significantly decreases mean arterial pressure and renal sympathetic nerve activity in anesthetized normotensive rats (TERUYA et al., 1997) , suggesting that the rostral ventrolateral medulla is another site of action for OLC. However, histological proof of ouabain-like immunoreactivity in the medulla oblongata has not been obtained. In the present study, we investigated the ouabain-like im munoreactivity in the medulla oblongata of normotensive rats.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (130-350 g) were purchased from Charles River Japan Inc. and fed with standard laboratory rat chow and tap water ad libitum. The rats were kept in a room maintained at a constant temperature (24+2C) and humidity (55+ 10%) under a 12-h light period from 8:00 to 20:00. After 7 days of adaptation to these conditions, the experimental procedures were performed. All the procedures were in accordance with the National Institute of Health guidelines for the care and use of laboratory animals. The protocol was approved by the Animal Care and Use Committee, University of the Ryukyus.
Fixation procedure
Under pentobarbital anesthesia (50 mg/kg i. p.), the rats were transcardially perfused with 50ml of sodium phosphate buffer (PBS: 0.01M phosphate buffer containing 0.9% NaCl, pH 7.2) cooled to 4C. Then two different sets of fixatives were used. One group of rats (n=8) was perfused with 400ml of periodate-lysine-paraf ormaldehyde (PLP: containing 0.01M sodium periodate, 0.075M lysine, 0.0375M phosphate buffer, and 2% paraf ormaldehyde, pH 6.2) (MCLEAN and NAKANE, 1974) . In another group of rats (n=8), the "three-step" fixation procedure (YAMADA et al., 1987b) was performed: 1) 4% formaldehyde, 0.5% glutaraldehyde and 0.2% picric acid in PBS (300 ml, pH 7.0); 2) 4% formaldehyde, 0.2% picric acid and 0.2% acetic acid in PBS (300ml, pH 6.5); and 3) 4% formaldehyde in PBS (300ml, pH 7.0). The brain was then removed from the skull. The PLP-fixed tissue blocks and the tissue blocks fixed with the "three step" procedure were further immersed in PLP or in 4% formaldehyde in PBS, respectively, for 12 to 15 h at 4C. The tissue blocks were then rinsed with 20 sucrose in PBS overnight at 4t.
Immunolabeling procedure
The immunolabeling procedure was based on the method by YAMADA et al. (1987b) . In brief, freefloating sections 20um thick were obtained with a cryostat. The sections were incubated in: 1) 1% periodic acid solution for 10min at room temperature to suppress the activity of endogenous peroxidase; 2) 1.5% normal serum for each second antibody for 30 to 60 min at room temperature to block the background staining; 3) the mouse monoclonal antibody to ouabain T8B11 (TERANO et al., 1991) diluted to 0.33 jig/ml and the Fab fragments of the sheep monospecific antibody to digoxin (Digibind; Burroughs Wellcome Inc., UK) diluted to 3.33,ug/ml for 5 to 7 days at 4C; 4) biotinylated horse anti-mouse IgG (PK6102; Vector Laboratories Inc., USA) and biotinylated rabbit anti-sheep IgG (Fab')2 fragments (Jackson ImmunoResearch Laboratories, Inc., PA, USA) for respective first antibodies for 120 min at room temperature; 5) avidin-biotin-peroxidase complex (ABC) reagents (PK6102; Vector Laboratories Inc., USA) for 60 min at room temperature; and 6) 0.1% 3, 3'-diaminobenzidin and 0.02% H202 with 10 mM of sodium azide for 5 to 7 min at room temperature. Each step was followed by washing the sections with PBS. The normal serum and the first antibodies were diluted with PBS containing 0.3% Triton X-100, 0.3% bovine serum albumin (BSA), and 0.1% sodium azide. The second antibodies and the ABC reagents were diluted with PBS containing 0.3% Triton X-100. The sections incubated without the first antibody were used as the negative control in the same immunolabeling procedure. In the brain fixed with the "threestep" procedure, the hypothalamus sections were used as the positive control in the same immunolabeling procedure. The standard anatomical structure of the rat brain was referenced with the atlas by PAx-INOS and WATSON (1986) .
Immunoabsorption test
The first antibody, T8B11, diluted 0.33ug/ml with PBS containing 0.3% Triton X-100, was absorbed with 100ug/ml of authentic ouabain including 1% BSA for 1 h at room temperature, and further incubated overnight at 4C. After centrifuging the solution with 100,000 g for 1 h at 4C, the supernatant was used in the same immunolabeling procedure.
RESULTS
Ouabain-like immunoreactivities in the PLP-fixed medulla oblongata
Using the T8B11 as a first antibody, we detected ouabain-like immunoreactivities in the nuclei and regions in the medulla oblongata including those participating in cardiovascular regulation (Figs. la,  2a) . The neurons of the rostra] ventrolateral medulla (Fig. lb) , nucleus ambiguus (Fig. lc) , rostral ventro medial medulla (data not shown), and the neurons and the neuropil of nucleus of the solitary tract (Fig.  ld) were positive in ouabain-like immunoreactivities. The neurons of the caudal ventrolateral medulla (Fig.  2b) , caudal raphe nuclei (data not shown), and the neurons and the neuropil of the dorsal motor nucleus of the vagus (Fig. 2c) were also positive in ouabainlike immunoreactivities.
In reported (TAKAHASHI et al., 1994) in the positive control (Fig. 3a) . (Fig. 3b) . In the medulla oblongata, the proximal dendrite and somata of ouabain-like immunoreactive neurons exhibited a similar degree of intensity, and the ouabain-like immunoreactivities in the neuropil were less than those of the proximal dendrites and somata.
The intensity of immunostaining in the medulla oblongata was weaker in the tissues fixed with the "three-step" procedure than the PLP-fixed tissues.
Digoxin-like immunoreactivities in the PLP-fixed medulla oblongata
In PLP-fixed tissues incubated with the Fab fragment of digoxin-specific antibody (n=6), the distribution of digoxin-like immunoreactive neurons in the medulla oblongata was similar to the distribution of ouabainlike immunoreactive neurons (Fig. 4a, b) . In the medulla oblongata, the digoxin-like immunoreactive substances in the neurons were observed in neuronal somata and their proximal processes as dot-like granules. The proximal dendrite and somata of ouabain-like immunoreactive neurons exhibited a similar degree of intensity, and the ouabain-like immunoreactivi ties in the neuropil were less than those of the proximal dendrites and somata.
Immunoabsorption test Figure 5 shows that T8B11-immunoreactivities in the section of the medulla oblongata preabsorbed with 100ug/ml of authentic ouabain were greatly reduced to the negative control levels.
DISCUSSION
In the present study, using T8B11, ouabain-like immunoreactivities were detected in the neurons of the rostral ventrolateral medulla, caudal ventrolateral medulla, rostral ventromedial medulla, nucleus ambiguus, caudal raphe nuclei, nucleus of the solitary tract and the dorsal motor nucleus of the vagus, and some other nuclei and regions in the medulla oblongata. The distribution of digoxin-like immunoreactive neurons detected by the Fab fragment of digoxin-specific antibody was almost the same as that observed by using T8B11.
The first antibody, T813 11, was prepared by immunizing a mouse with ouabain coupled with bovine serum albumin using a periodate oxidation method, and was produced by somatic cell fusion (TERANO et al., 1991) . T8B11 is subclassified into murine IgG2b kappa and recognizes pharmacologically active sites of ouabain consisting of the cis-linked ring D and functional groups at positions C13, C14, and C17 on the steroid portion. T8B11 cross reacts with ouabainlike K+-rival type Nat, K± ATPase inhibitory substances including digoxin and digitoxin, and neutralizes the biological activities of ouabaaain. T8B11 does not cross react with classical adrenocortical steroids, sex steroids, or other K+-non-rival type Na+, K+-ATPase inhibitory substances (TERANO et al., 1991) . Conversely, the Fab fragment of digoxin-specific antibody cross reacts with ouabain (BALZAN et al., 1991; YAMADA et al, 1994) and, possibly, the OLC. The Fab fragment of the digoxin-specific antibody has been used as a tool for studying the pathophysiological role of OLC (HUANG et al., 1994; LEENEN et al., 1995; BUDZINKOWSKI and LEENEN, 1997; TERUYA et al, 1997) . The distribution of the immunoreactive neurons observed by using T8B11 and the Fab fragment of digoxin-specific antibody suggests that both antibodies bind to a similar population of the neurons.
In the present study, we performed different fixation procedures in a single model. The distribution of immunopositive neurons in the medulla oblongata was similar between the tissues fixed with the "threestep" procedure (YAMADA et al, 1987b ) and the PLPfixed tissues, but the intensity of immunostaining was rather stronger in the PLP-fixed tissues. In a previous report using seven different fexatives for digoxin immunohistochemistry in the hypothalamus, the PLP-fixed tissues were weaker in intensity compared with tissue fixed with the "three-step" procedure (YAMADA et al, 1987a) . The periodate in the PLP fixative is expected to oxidize the sugar residue of cardiac glycosides to form the dialdehyde derivative which reacts with free amino groups and lysine bridges between the cardiac glycosides and tissue proteins (MCLEAN and NAKANE, 1974) . In fact, the periodate is commonly used to bind ouabain to bovine serum albumin for immunization. When one of these fixation procedures results in weak intensity, the other fixation procedure may be still valuable. Both fixation procedures may be useful for immunohistochemical detection of the ouabain-like and digoxinlike immunoreactive
substance. The present study demonstrated that, in the tissue fixed with the "three-step" procedure, the ouabainlike immunoreactivities were weaker in the medulla oblongata than in the hypothalamus. Moreover, in the hypothalamus, ouabain-like immunoreactivities were mainly located in the neurons of the paraventricular nucleus. In the medulla oblongata, there seems to be no particular localization of ouabain-like immunoreactive cells. In the hypothalamic paraventricular nucleus, the proximal dendrite and proximal part of the axon exhibit greater intensity than the neuronal somata as reported (TAKAHASHI et al., 1994) . In the medulla oblongata, however, the proximal dendrite and somata of ouabain-like immunoreactive neurons exhibited a similar degree of intensity, and the ouabain-like immunoreactivities in the neuropil were less than those of the proximal dendrites and somata. These findings suggest that the ouabain-like immunoreactive neurons in the hypothalamus and the medulla oblongata have different roles. IHARA et al. (1988) suggested that the hypothalamic neurons exhibiting digoxin-like immunoreactivity produce and possibly secrete an endogenous digitalis-like substance. Their notion was based on the specific localization and coexistence of posterior lobe hormones with digoxin-like immunoreactivity in these hypothalamic neurons (IHARA et al., 1988) . On the other hand, the immunopositive neurons recognized by T8B11 and the Fab fragment of digoxin-specific antibody were detected in the medullary nuclei and regions which participate in neural cardiovascular control. Some of these nuclei and regions-including the rostral ventrolateral medulla, caudal ventrolateral medulla, nucleus of solitary tract and caudal raphe nuclei-play important roles in the generation of the sympathetic tone and its reflex-mediated regulation (DAMPNEY, 1994) . We reported that a microinjection of T8B11 or the Fab fragment of digoxin-specific antibody into the rostral ventrolateral medulla significantly decreased blood pressure and renal sympathetic nerve activity in anesthetized normotensive rats (TERUYA et al., 1997) . The hypertensinogenic action of OLC is partly related to the modulation of the arterial baroreflex in sodium-loaded spontaneously hypertensive rats (HUANG and LEENEN,1992b) and Dahl salt-sensitive rats (HUANG and LEENEN, 1994b) . Therefore, it is conceivable that some of these medullary nuclei with ouabain-like immunoreactivity, especially the rostral ventrolateral medulla, may be sites of OLC action. We speculate that OLC in these regions contribute to maintaining the membrane potential of the neurons.
The forebrain regions, especially the hypothalamic structures, have been nominated as sites of OLC action in the brain. The median preoptic nucleus may be one site of OLC action to influence the cardiovascular control (BUDZINKOWSKI and LEENEN, 1997) . Microinjection of digoxin-specific antibody Fab fragments into the median preoptic nucleus significantly reduced but did not totally abolish pressor response to exogenous ouabain applied intracerebroventricularly, suggesting that other nuclei in the central nervous system may also be responsible for the pressor response (BUDZINKOWSKI and LEENEN, 1997 suggestion that the medullary nuclei, especially the rostral ventrolateral medulla, may be another OLC action site does not contradict the previous report.
Either the adrenal gland, hypothalamus, or diet was referred to as the origin OLC (GoTo et al., 1992; HAMLYN et al., 1996) . We do not know the origin of these immunoreactive substances in the present study. However, because non-particular localization was observed in the medulla oblongata, these substances might be distributed from systemic or local circulation regardless of origin.
In summary, ouabain-like immunoreactivities were present in the medulla oblongata including the nuclei and the regions which participate in the cardiovascular control of normotensive rats. Some of the ouabain-immunopositive nuclei and regions in the medulla oblongata, especially the rostral ventrolateral medulla, may be other sites of action for OLC.
